We present for the first time wideband operation of an optical orbital angular momentum amplifier with topological charge l =1. An air-core erbium-doped fiber is fabricated and up to 15.7dB gain is obtained with a cladding-pumped configuration.
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Introduction
Light beams with a helical phase front can carry optical orbital angular momentum (OAM) and have immense potential for applications in optical trapping, microscopy, laser material processing, quantum information and optical communications [1] . Current research in OAM spans the generation, detection, manipulation, amplification, switching and transmission of OAM beams with the majority of work to date limited primarily to free space optics applications. Recently however encouraging results showing that stable OAM mode transmission over ~ 1km lengths of special OAM supporting fibers have been demonstrated [2, 3] . This has attracted significant scientific interest in the fiber optics community, not least due to the possibility of using OAM modes for low cross-talk space division multiplexed data transmission [4] . To be considered for long haul transmission networks the development of an inline OAM fiber amplifier is essential and we have previously proposed theoretically an air-core erbium doped fiber [5] capable of the amplification of OAM fiber modes over the standard optical communication windows (i.e. the C and L-bands). In previous experimental work on fiber based OAM amplification a high power 1 m OAM fiber amplifier was demonstrated based on a solid few mode fiber [6] . However OAM mode propagation in such fibers is highly sensitive to external disturbances such as fiber bends and/or twists due to the near degeneracy of the vector modes associated with the same LP mode group. In air core fibers however the index separation between the adjacent vector modes can be greatly enhanced (to > neff~10 -4 ) and this helps to suppress intermodal coupling along the fiber length enabling robust OAM mode propagation (and hence amplification in a suitably rare-earth doped aircore fiber variant). As a first step towards realizing a stable OAM fiber amplifier we have targeted the amplification of lower-order OAM modes with topological charge l =1 and have designed/fabricated an air-core erbium doped fiber (AC-EDF) having a central air hole and an annular erbium doped guiding region in which the signal propagates. We then built the associated amplifier. A cladding pumped implementation was adopted as a practical pumping method (as discussed in [5] ) and a spatial light modulator was employed to generate our input OAM signals with the required helical phase. In order to measure the helical wave front on the amplified output beam we interfered this with a Gaussian reference beam (derived from the initial signal laser). The general amplifier performance was similar to that of the conventional cladding pumped single-mode or few-mode EDFAs and up to 15.6dB gain was achieved in the wavelength range 1545-1600nm at an input signal power of -4dBm. The detailed gain spectra and amplified spectra were also investigated. 
Fiber fabrication and experimental setup
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The AC-EDF was fabricated using a well-established in-house modified chemical vapor deposition (MCVD) process coupled with solution doping. In order to achieve a large mode splitting between the vector modes a high refractive index difference between the annular doped guiding region and silica cladding is necessary. In our fiber a Ge/Al/Er glass composition was employed (incorporating an index raising element as well as the primary codopants). The Er concentration was estimated to be ~3,500ppm-wt using this fabrication process. To produce a central air-hole in the fiber the conventional final glass tube collapse step was omitted from the MCVD process and careful control of the air-hole pressure and the drawing tension was incorporated in the fiber drawing stage to avoid complete collapse of the air hole in the final fiber. A low index polymer coating was applied to the fiber during the draw to form a double clad fiber structure. Note that we deliberately chose not to apply any cross-sectional cladding shaping to the preform prior to drawing (as conventionally used in to break the circular symmetry of the cladding to increase pump absorption) in order to reduce the potential for inducing core ellipticity which would likely perturb stable OAM mode guidance. Figure 1(a) shows the fiber refractive index profile (FRIP) of the fabricated AC-EDF. The fiber has an inner cladding diameter of 98 m and a central air hole diameter of 6.4 m and a ring-core thickness of 3.6 m. The maximum refractive index difference between the annular core and silica cladding is 0.014 (corresponding to an NA of ~0.19). Fig. 1(b) -4 ) between the HE21 and its adjacent vector modes (i.e. TE01, TM01) is crucial for robust resistance to external perturbations for OAM modes. By bending the fiber to a figure-eight configuration to allow for more efficient absorption of the pump light the measured cladding pump absorption at 980nm is 0.4dB/m as shown in Fig. 1(c) . The experimental setup for our cladding-pumped OAM amplifier is illustrated in Fig. 2(a) . A length of AC-EDF was used as the active gain medium (fiber length= 4m) and the input end of the active fiber was flat cleaved to reduce the complexity of the pump and signal alignment. The output end of the fiber was however angle-cleaved to suppress any unwanted parasitic lasing. Also, two additional polarization-insensitive free-space isolators were incorporated at both ends of the amplifier to further reduce the potential for Fresnel reflections. In order to generate a helical phase wavefront, a reflective phase-only spatial light modulator (SLM) was introduced at the input-end of the amplifier (Holoeye Pluto-Telco, 1920x1080 pixel resolution, 8 m pixel pitch) and the input polarization direction was controlled to align the orientation of the liquid crystals in the SLM in order to ensure the highest possible phase modulation efficiency. A quarter-wave plate (QWP) was used to convert the input linearly polarized light to a circular polarization. A 976nm multimode pump laser was free space coupled into the inner cladding of the AC-EDF following reflection from a dichroic mirror (DM, high reflection @980nm and high transmission @1550nm) in a co-directional pumping configuration. Another dichroic mirror was used at the amplifier output to separate the amplified OAM radiation from the residual pump beam. Also, a small section of the low index polymer coating was stripped off of the active fiber at the amplifier output and index matching oil was applied to the fiber here to strip out cladding modes (i.e. to help us reliably monitor the amplified core beam only by eliminating the residual pump and signal light). Figure 2(b) shows the phase pattern applied to the SLM to generate the OAM modes with a topological charge l=+1. On the top of a helical phase, a grating phase in the Y direction was superimposed to split the first-order diffracted beam (+1 th ) from the reflected beam (0 th ). Therefore, the final phase pattern applied to the SLM corresponds to a combination of a helical phase and a grating phase (called "a forked diffraction grating"). Fig. 2(c) shows the measured CCD images of the diffracted light from the SLM. A clean doughnut shaped beam intensity profile was founded as expected for helical OAM modes. To examine the phase information of the beam wavefront, a simple Michelson interferometer was constructed by interfering the OAM beam with an input Gaussian beam. As expected, a clean helical interference fringe was observed with a spherical wave reference and a fork shaped interference fringe was detected with a plane wave reference, respectively. Finally, the air-core OAM EDFA was pumped and the amplified output was examined by interfering it with a spherical wave reference beam. As shown in Fig. 3(a) , the helical interference fringe was largely preserved during amplification with a single spiral arm (indicating l =1). The spiral fringes were obvious at the gain peak wavelengths (e.g. 1560 and 1570nm) but some degradation was noticed for wavelengths at the edges of the gain bandwidth (e.g. at 1545 or 1600nm) since here the total amplified spontaneous emission (ASE) noise becomes comparable to the amplified signal power. After confirming the OAM mode amplification by CCD camera, the gain spectra was measured by sweeping the input signal wavelength at a fixed input signal power of -4dBm and a launched pump power of 0.57W. As shown in Fig. 3(b) , the gain peak was located at 1565nm with a maximum gain of 15.7dB. This feature of L-band amplification originates from the modest population inversion due to the relatively low pump absorption in this fiber. The amplifier gain can be further increased by increasing the pump power (19.2dB gain was measured at the gain peak wavelength of 1565nm for the pump power of 1.1W) but the amplifier became sensitive to parasitic lasing especially when operating at the edge of the gain band due to the strong Fresnel reflection from the flat end cleave at the input end of the active fiber. It can be further improved by employing an endcap or angled cleave but careful fusion splicing will be required to avoid hole collapse during the arc fusion. Fig. 3(c) shows the measured amplified spectra of the air-core OAM amplifier demonstrating more than 30dB optical signal to noise ratio (OSNR) after amplification with an OSA resolution of 0.5nm.
Conclusion
We have fabricated a new air-core erbium doped fiber and successfully demonstrated an optical OAM amplifier with topological charge l =1. With a practical cladding pump configuration, up to 15.7dB gain was achieved in the wavelength range of 1545-1600nm. This lower-order OAM fiber amplifier can be further improved with optimization of the fiber design and fabrication process and it is expected that scale up to a higher-order OAM fiber amplifier will be possible in the near future. This fiber-optic OAM amplifier will find various applications in optical trapping, microscopy, laser material processing and quantum information including optical communication.
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